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NUMERICAL SIMULATIONS OF THE FOCAL SPOT GENERATED BY A SET
OF LASER BEAMS : LMJ * **

ANTOINE BOURGEADE! AND BONIFACE NKONGA 2

Abstract. In order to get the fusion of small capsules containing a deuterium-tritium nuclear fuel,
the MegaJoule laser (LMJ) will focus a large number of laser beams inside a cylinder (Hohlraum) which
contains the fusion capsule. In order to control this process we have to know as well as possible the
electromagnetic field created by the laser beams on both Hohlraum’s apertures. This article describes
a numerical tool which computes this electromagnetic field from the definition of the laser beams in
front of the focusing gratings. Despite its apparent simplicity, this computation necessitates a two step
plane wave decomposition and the size of the data requires the use of a parallel strategy with a large
number of processors.

Résumé. Afin d’obtenir la fusion de petites cibles contenant du deuterium-tritium, le laser MégaJoule
doit focaliser un grand nombre de faisceaux laser & I'intérieur d’un cylindre (Hohlraum) contenant une
de ces cibles. La maitrise de ce processus nécessite une bonne connaissance du champ électromagnétique
induit par les faisceaux laser sur chacune des ouvertures du Hohlraum. Cet article décrit 1’outil
numérique mis au point pour le calcul de ce champ a partir de la description des faisceaux laser avant la
focalisation. La simplicité du calcul n’est qu’apparente, puisque celui-ci a besoin d’une décomposition
en ondes planes en deux étapes et que la taille des données nécessite 1'utilisation d’un grand nombre
de processeurs.

1. INTRODUCTION

The laser MegaJoule (LMJ) will have a large number of chains. Each chain is joining two sets of four laser
beams, sets designed below as quads. Each quad of laser beams will be focused on a fusion target. The beams
will cross through one of the two openings of the Hohlraum chamber, before propagating in the plasma and
interacting with the inner surface of the cylinder. It is therefore important to have an accurate description
of the total electromagnetic field resulting from the superposition of the LMJ laser beams at the openings of
the Hohlraum. This total field is necessary to compute the subsequent plasma evolution. On the other hand,
the total field can help to quantify the influence of some laser characteristics, such as the timing of the beams,
smoothing, or reducing the FM/AM effect. Indeed, it is not the total instantaneous local field that is directly
affecting the interaction physics but its statistical properties as the size of the focal spot size or density of hot
spots or their average length. The problem seems as beams are propagating in a vacuum and their interference
is described by a linear equation. The difficulty stems mainly from two facts. First the input face of Hohlraum
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is not perpendicular to the axis of the beams and therefore does not correspond to the focal plane. Thus, the
paraxial approximation that is defining the beam structure in the focal plane by the Fourier transform of the
field before passing through the focusing system can not be used a priori. Secondly, given the size of the beams,
the phase introduced by the gratings varies increasingly regarded as the point moves away from the centroid of

the beams. This requires a high resolution in the Fourier space or equivalently a very fine mesh.

The ultimate goal of this work is to obtain a spatial and temporal description of the total field. We developed
an efficient numerical approach for the calculation of the laser field obtained after focusing and overlapping of
all quads (Figure 1) contributions on one side of the target (Figure 2). The purpose is to define an efficient
numerical approach to compute the total spot electric field created by a set of laser beams(quads). This will

allow at the LMJ facility to control the target irradiation and to achieve a symmetric implosion.
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F1GURE 1. Description of quads. A quad is a set of four beams which are parallel and centered
on the vertices of a square orthogonal to the direction of beam propagation. Specified angles
define the propagation axis. In practice, only the first three angles of incidence are used, with

the last three corresponding to the opposite side.

FIGURE 2. On side focusing configuration with 15 quads
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2. MODEL

A single laser beam, identified with the index /, is defined by a plane centered at the vertex x, and orthogonal
to the propagation direction ng, and the electric field (£, t) on this plane, where &, € R? is the coordinate
associated to the plane with €,(zy) = 0 . For any point  in the space, we define by B,(z) the coordinate related
to the following beam as

Be(@) =2 —xp=2z(X)N0e + &1 e(@)N1 0+ (XM, for z€Q,

where the set (no¢,m1,¢,M2,) is an orthogonal basis and € the focal spot. We also define spatial coordinates &,
and spectral coordinates 6, in the transverse direction of the laser propagation:

0
&= S1 S RQ, and 6, = Le € R?
§2,0 02,0
In the present case, the beam propagates in vacuum so that the electric field E satisfies the Maxwell’s
equation:

2 2 2 2
8E2<8E 0°E 8E>_0 O

— +—5+
ot ox®  9y* 977
Therefore, the dispersion of any beam is obtained by the Fourier transforms in space and time:

— (w2702k4~kg)Eg :0:>w2762kg~kg:0
where w is the laser frequency and k, € R3. It is convenient to define k; as

ke =Fk.moo+01mie+02may

Therefore the dispersion relation gives

k2 ,(0 —“—2—92 — 03 b s(00,0) = £1/“ 6,6
20 eaw)—cg 10— 050 = k. 0(0,w) = 2 ¢ ve

Let us apply the Fourier transform in time and in the transverse direction (defined by vectors n; , and ng )
to equation (1). Then the following equation describes the field evolution along the coordinate z, associated to
the direction ng 4 :

d2./E\[ wz ~ d2E2 ) N
- <02 —0, .05) =0 T+ (K2 0(80,)) Ec =0

Then, given E; for z; = 0 and assuming forward wave in the direction ng ¢, we can compute

Eg = Ez (0¢,w7 Ze) = (Eje (OZ,w) exp (zkz’m) , Vzy >0,

where (E;\g (0@, w) = E‘g (94, w,zp = O) is the Fourier transform of the incoming wave &, ({g, t).

Inverse Fourier transform is used to compute the laser beam field at this point :

E/t,x) = //5 exp [z (0@ “Eo(z) — wt)} Eg (0@,@24) df, dw
- //6 exp [z (9/3 E0(@) + 20k 0 (B0, w) fwt)} & (0e,w) d6, dw

_ //Eexp [z (ke (Hg,w)'ﬂg(m)—wt)]g’g@g,w) 8, dw
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where 6@ is the domain of definition (in the phase space) of the initial beam. The last point of the modeling is

to define the incoming electric field. In the present paper, this field is the one obtained after a focusing gratings.
It is defined by the Fourier transform in time as

& (5@#) =A (Ez,w) exp {* l%w (&M”

where Ay (§ ‘0 w) described the laser beam before the gratings and ¢y (&,w) is the phase change associated to

the focusing gratings. Then we can compute the Fourier transform cSA'g (05, w) as

£ (00) = [ Adfene) o 260w [ 10

where Cy is the domain of definition (in the physical space) of the initial beam. In order to estimate this integral
we use the fact that, the Fourier transform of a product is the convolution of Fourier transforms :

FlAgew) e [ =T (600)]] = 7l (600 = #lowe [ = o (600

w
However the function exp [ — 11—y ({ g,w)} is not integrable, its modulus is equal to one and it strongly oscil-
c

lates. To overcome this difficulty, let us consider the following integrable function
w
D, (&M) = exp [— e8e 8o — 1 (&Mﬂ

where € > 0 is a small parameter that will be set to zero to recover the original estimation.
~ w
. <9e,w> = / exp [— e€e-&o— 1 (ﬁzyw)} exp ( -1 (912 '5@)) d€,
Cy

On the other hand we assume the following phase profile

IR
2 )

w
P (&,W) ~ peR

w
For the target applications, we can use such a profile with y = 7*, where f; is the focal length, and w, the
Cle

frequency for which the focusing gratings have been defined. Then
_ H
0. (6ow) =exp | = (s +15) &
The scaling property of Fourier transform reads:
t ~
it g(t) =@ <) then §(w) = |a|® (aw) Yo € R*
«

Moreover, Ya € C with a strictly positive real part, one obtains:

if g(t) = exp ( - atQ) then  g(w) = \/jexp <_ ZO‘)
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In the present case we use these formulas, in two spatial dimensions, &, € R? (d = 2)

it g(€r) = exp ( — k- &) then  5(0)) = (g) exp (_ 944.0[ oz) |

We apply this formula with a, = ¢ + zg to obtain

o, <0e,w) = /c[exp [— (5+Zg)§é '54 eXp(—Z(9é '&)) d§, = EIZ,;GXP - M
and, taking the limit of € going to zero, we get
~ 0,-0 0,-0
@(Og,w)z;éexp —42(215) ——z%exp<zi 42 Z) (2)
Then
& (0nw) = [ A (cow)® (60— Crw) dc

P
= eX; (Zl 05504> - A, (Cz,w) ) (Ce,w) exp (— 2%94 'Cz> d¢y

” 1 16,-6 0
/A He (Céaw) exp ( —1—0, '(Z) dCe =exp (2 ! E) H, (é,w)
C 1% M 2 1%

He (ié#«d) = /6 He (Ce,w) exp (— Z%ae 'C@) d¢y

If the phase profile is a quadratic fuction of 8,, the computation of é\g (Og, w) is given by the following relation

gg (0@,(,(}) = exp <Zioeéez> He (‘jj,w) (3)

However, the phase profile is defined by

~ DeJE&e & . _ we /& & YY)
_71—’—\/@ with 'Dg——w\/m—F(l w)b oy}

fe is the focal length, ¢, the incident beam angle and Ny (B;) the density associated to the focusing gratings. In

oo (ﬁz,w>

. Wi\ . . . . .
practice, the second term (1 — —) sin ¢y is small compared to the first term, so that the following approximation
w

D[ ~ Wi V 5[ '52 (4)
wy/€e- &+ 7

can be used
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In the general case, we can still use the preceding result obtained for the quadratic phase, by considering a
modified amplitude By ({g, w)

B, (&,w) = A (5@&)) exp {— Z%w (Eewu) + Zgée '54

(00e) = Alneoro [ o) [ (06)

= [ leee) o[ e sl o [ o]

For practical applications, the phase function ¢y (&g,w) and the amplitude profile A, ( g,w) are the input

Indeed

data. Then the electric field on the target surface is given by

Eg(t,x)z//aexp [z (ke (oz,w)-m(x)—wt)}@(e,g,w) 8, dw

where z is a point of the target surface and gz (0@, w) defined as follows

~ 16,-6 0, -
& (02760) eXP( £ 5)/A ¢ Ce, GXP(Z ‘ Q)dCe
Cy 1

. Substituting p = ﬂ, we obtain:

cfe
e (o) = = exp (zi@-@)@(c@,w)
Be(¢nw) = Ac(&ow)exp| =120 (€nw) +15€0 €]

Then we can compute, for any point & of the target surface the contribution Ey(t,2) of the laser beam ¢ on the
electric field. The total electric field is the sum of all contributions:

x) = ZEg(t,x) (5)
¢

3. NUMERICAL APPROXIMATION

3.1. Numerical scheme

Let us consider a non overlapping finite volume decomposition of the domain @ and describe the Fourier
space by a finite number of spatial frequencies:

Nw

L_kJN (Cg)l and R~ UIm

=1 m=1

Let us consider a piecewise constant approximation of 5’5(04, w) defined by

2
g

Nkx Nky

0[3 2 Z Zz,j,m 7 (0)X7n(w)7

14i=1 j=1

3
Il
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where X;; are characteristic functions of (@) ~, centered at 0, ;, X, (w) are characteristic functions of Z,,,
ij

centered at wy,. Then, the value (Z:\[J',j’m can be approximated as follows

N 1 0,
Erijm = €Xp < 1—0¢,; 'eﬁ,i,j) He < L 7wm>
[ 1

Therefore, we can estimate the electric field E,(t,z) as

E/t,z) = //aexp [z (kg <0g,w)~ﬂg(m)fwt>}gg(0@,w) 8, dw

Nw Nkx Nky

~ Z Z Z 6’27i7j7m/ /,. exp [z (kg (Og,w) - Be(x) — wt” 6y dw
m=1 i=1 j=1 Im <c/f>ij
Nw Nkx Nky

R

Z Z (E/‘\é,i,j777L Qé,i,j,m(il:, t)
=1

i=1 j

—

m=

with

Qe jm(T:t) = /z /<€> exp [Z (ke (913,@) Bu(z) - wt)} 0, dw

ij
where B¢(z) = x — x4 and 0,,w are as defined in the previous section. In order to obtain a simple and accurate

estimation of Qg ; jm, let us perform a Taylor expansion of &, , (05, w) at the point ( (0g> ‘ ,wm> :

(0), (0 (0),) -2 (o)
e ((60),,om)

Then, after straightforward algebra, we get the following approximation for ¢ («9@, w) =k (9@, w) Be(x) — wt :

keo(@o,w) =k, ( (0‘2)@‘ ,wm> -

+ 0(667) + O(6w?)

p (04,w) ~ ¢ (oij,wm) Yy (02 —oij) — (@ — wi)

where, for clarity, the index ¢ has been removed (6;; = (9@) ),
i

Z@(.’L’)gij aiwj me[((L')
@i =& <m) ko,e(0ij,wm) al, e« c?kz0(0if, wm)

(Ez)ij = [@M)zj a 6921’4’ (91’e>ij+691’l} . [(ez’e)ij a 6922’6’ (92’5)“ * 6622%}

)
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The value of Q = Qy; jm(x,t) is computed as

Q =ex [qu (sz,wm)} /_(Si /+ 3 exp[ (aijﬁij—amwﬂ df dw

= exp |k (01],wm exp zwm g/ n(t, 2, wm,0i;)

=exp |1 (0” &o(®) + ky oz exp — Wy, ] Gon(t, @, wm,0;5)

+84=

with

80y y 66y ; dw
25111(04] 2T) 251n( ) 2sin | am 5

v
o o

gé h(t T wmzoz] o
m

Then the electric field is approximated by

Nw Nkz Nky

ZZZSZZ,ngfijmmt ZEewm, )exp{fzwmt]

m=1 i=1 j=1 m=1
where it is assumed that Gy, (¢, %, wm,0i;) = Gon (T, wm, 0;;) and

Nkx Nky

Ez(wmﬁ) o~ Z Z é\é,i,j,mgé,h(wimaoij) exp {Z (oij “Eo(z) + k’z,zzz)}

i=1 j=1

Indeed, when dw and §0 are small enough, we have Gy (¢, 2, wm,,0;;) ~ dwdh. Another assumption that is
consistent with target applications is that

Ay (ﬁz,w) = Ay (ﬁz) To(w)

where 7;(w) is the Fourier transform of a given temporal profile 7;(t) and A, ( g) is the given spatial profile.

The main steps of the numerical scheme are thus (Software Design):
e Compute the vector A, (Q) that components are Ay ((&)m),for i=1,---,Nyand j=1,---,N,.

e Perform fast Fourier transform 7;(t) to obtain 7y(wy,) for m =1,--- , Nw
e For any w,,

(1) Compute A, (éf’ wm) = A (Q) @(wm)
(2) Add the contribution of the phase in the physical space

Be (e ) = A (ewom ) exp | =15 (8 ) + 1580 &

(3) Perform fast Fourier transform B, (Q, wm) to obtain @ (Q, wm)
(4) Add the contribution of the phase in the phase space :

& ((l, wm) = —z%@ (Q, wm) exp (z;u(g . Q)

N 9,
(5) Perform fast Fourier transform H, (C 2 wm) to obtain H, ( wm>
N H

00 1 ~ 00 ko
(P ) = [ A (g o (=22 ) ats
H C, H
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(6) Modification of the spectral profile

s _ 19,-6, 6,
o (1052 (4

(7) Electric field on the focus plane is defined by a finite number of points (N f; x N f,):

E((wmag)z-@f(wmaxiz,iy) for ix:la"' >Nfr and iy:la"' 7ny

where
Nkx Nky
Eé(wnux) = Z Z S@,kw,ky,mgﬁ,h(xawnuokw,ky) exXp |:Z (oka:,ky : &(«'L') + k'z,lzﬂ):|
kx=1ky=1

(8) Total field generated by the sum of laser spots:

E(wn,z) =Y By(wm,z)
4

e Perform fast Fourier transform E(wm,g) to obtain E (t,z). For this last step we need to save an array
of the size Nw x Nfy, x Nf,

3.2. Parallel Strategy

Our target application is the “Laser Mega Joule” (LMJ). In this context, the input data are defined with size
of order Nw = O(10%), Nkx = O(10%), Nky = O(10%) and NI = O(10). If the required resolution on the target
surface is N fx x N fy then the computation of the focal spot is achieved with a total number of operations
of order N fxz x Nfy x O (1013). Therefore, even for a coarse resolution (N fx = N fy = 100) of the focal
spot, we need many days of CPU time on a tera computer to perform computations. As tera-computers are
always parallel, we need to distribute the total charge on the set of processors such as to efficiently use parallel
architectures.

The first level of parallel strategy consists in the domain decomposition of the focal spot. Let us denote by
Q) the focal spot and use the following decomposition:

Ng
Q= U Q, and each group (g) of processes will compute only E (t,z) = E(t,z € Q)
g=0

where Ng is the number of group at this level. At this level we do not need any exchange of messages between
groups. Then, if the load balance is achieved with one process per group, the efficiency is optimal.

If the computation of E 9 (t,z) can not be achieved on one process, another step of the parallel strategy is
performed by a domain decomposition of the domain associated to the initial laser beams :

Ne Ne
C)= U (Ce)e and 5@ = U (@)e
e=0 e=0

If the two levels are used, a process will be associated to a group g and will compute the contribution E g’e(t, x)
associated to (C g) and (5 g) , such as

e e

E (t.z) = YOE, (tz)

ecg
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Computation of E g’e(t, z) and E g(t,g) needs to exchange messages between process of the same group. This
is achieved by the use of Message Passing Interface (MPI) and a parallel version of the FFTW (Fast Fourier
Transform in the West) [4].

4. APPLICATION

In order to test the possibilities of the method described above, several computations have been run on
the machines Titane and Platine at the CCRT center near Paris. For any computation, the data are the
electromagnetic field, corresponding to a quad, at the entrance of the experimental chamber provided by the
MIRO code [3]. Tt takes into account all components of the LMJ chain, including the phase plates. But it does
not account for the focusing gratings and their effect on the signal phase. The effects of the focusing gratings
are included in the data as it was explained in the above sections.

The first type of calculation was done for a monochromatic quad at the wavelength of 351 nanometer whose
direction corresponds to a value of 49° for the angle 9 and to 288° for the angle 6. The field is calculated at the
Hohlraum entrance located at the target center with the normal directed at ¥ = 0 and § = 0. Two calculations
have been done to compute the electric field on 1024x1024 points in a square of 1254 centered on the middle of
the entrance face of Hohlraum. The first calculation uses data defined on a 1024x1024 mesh and a 2048x2048
mesh has been used for the second computation. The field amplitude is shown respectively on figures 5 and 6.
The results are almost the same. This as well as other results show that initial data defined on a 1024x1024 mesh
are generally enough. The 2048x2048 mesh should only be used for very precise results.Those computations ran
respectively 28 minutes and 125 minutes on 64 cores, 8 nodes (2 Intel®) Nehalem , Quadri-Core, 2.93 GHz, 24
Go) of Titane.

The second type of calculation presents an example with a large number of monochromatic beams and very
fine meshes. The data are defined on a 2048x2048 mesh, while the solution is computed on a 2048x2048 mesh.
Figure 7 shows thus the electric field amplitude at the Hohlraum entrance for 120 beams (30 quads). This
computation ran 21 hours on 1936 cores, 242 nodes (4 Intel®) Itanium@®)II, Dual-Core, 1.6 GHz, 128 Go) of
Platine. With this large number of beams the focal spot has a form of a circle. On the other hand despite the
large number of points, the mesh is not fine enough to describe the structure of the hot spots. This was not
the case for a quad. Thus a superposition of a large number of beams modifies seriously the hot spot structure.
Another computation on a smaller surface would be needed to observe this structure.

Figures from 8 to 11 illustrate the possibility to calculate the electric field on any surface. They represent
the distribution of intensity created by a quad on the inner surface of a Hohlraum assuming propagation in
vacuum. This surface is parameterized by the projection on the cylinder z axis which gives the ordinate and
by the azimuthal angle which defines the abscissa. Figure 8 corresponds to a cone (ten quads) entering with
an angle ¢ = 33.2° (see figure 3). Similar distributions for the angles of 49° and 59° are presented on figures 9
and 10. While in figure 10 the focal spots of the four beams of a quad are virtually superimposed, they seem
to begin to separate for the other angles. This affects the focal spot in the direction of the axis of Hohlraum.
On the other hand, the focal spots are spread over almost sixty degrees, which ensures a good recovery of focal
spots for the ten quads of a cone.The figure 11 shows the surface illuminated by the three cones.The advantage
of this approach is that we need to compute the field for only one quad per cone. The fields induced by the
other quads are simply obtained with a rotation.

Finally to illustrate how the optical smoothing works two runs with time variation of the laser beams have
been performed. One for a surface containing the focus spot, and the other for a smaller surface inside this
spot. For both runs the ten quads from the cone with angle 1) = 33.2° have been considered. The smoothing of

the laser beams is obtained by multiplication of the input data with a phase term equal to exp [15i sin (ws . t)}

where w; is the smoothing frequency corresponding to the introduced spectral width. The energy flux through
the Hohlraum entrance is plotted in the right of figures 12 and 13 . It should be compared with the left parts of
those figures which corresponds to the same results for a monochromatic beam.Each computation in the time
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domain was equivalent to 28 monochromatic runs and took 7 hours on 28x196 cores from Titane. These results
show that the optical smoothing significantly improves the homogeneity of the laser irradiation of the focal spot.
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5. CONCLUSION

The ultimate goal of this work is to obtain a spatial and temporal description of the total field created on
the target in the LMJ laser installation. We developed the methodology and presented the first results for a
large variety of configurations. Monochromatic waves as well as pulses have been considered. The computation
time is, as expected, large but remains realistic. If for one beam or a quad, a single computation is necessary
to obtain the focus spot size as well as its structure, this is no longer true for a large number of beams. In this
case indeed, the hot spots are too small and a second computation is needed to study the hot spots structure.
This numerical tool should be useful for laser specialists as well as for plasma specialists, and it could become
a meeting point between both groups. It will help to understand the influence of many parameters from the
laser chain and to define the boundary conditions for computations of the plasma evolution in the Hohlraum.
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FIGURE 3. LMJ case: incoming beams (left boxes), focal spot (right box). Incoming waves are
boxes of 1.2m x 1.2m and the focal spot is a plane of 1.2mm x 1.2mm. The focal length is
fe=8m
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FIGURE 4. The phase of the incoming beam for a fixed frequency. The length unit
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FIGURE 5. Zoom on the computed focal spot with the resolution 1024 x 1024
The length unit is the micrometer. The electric field unit is arbitrary.
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FIGURE 6. Zoom on the computed focal spot with the resolution 2048 x 2048 : || E(z,T)|.
The length unit is the micrometer. The electric field unit is arbitrary.
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FIGURE 7. Computed focal spot with the resolution 2048 x 2048 : ||E(z,T)||. The length unit
is the micrometer. The electric field unit is arbitrary.
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FIGURE 8. Computed spot on the Hohlraum’s inner surface, first cone : ||E(z,w)||. The length

unit is the millimeter. The electric field unit is arbitrary. The abscissa is the azimuthal angle
in degrees.
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FIGURE 9. Computed spot on the Hohlraum’s inner surface, second cone : |E(z,w)|. The
length unit is the millimeter. The electric field unit is arbitrary. The abscissa is the azimuthal
angle in degrees.
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FiGure 10. Computed spot on the Hohlraum’s inner surface, third cone :

300 380
|1E(z,w)||. The

length unit is the millimeter. The electric field unit is arbitrary. The abscissa is the azimuthal

angle in degrees.
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Ficure 11. Computed spot on the Hohlraum’s inner surface, three cones :

300 360
|E(.w)||. The

length unit is the millimeter. The electric field unit is arbitrary. The abscissa is the azimuthal

angle in degrees.
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FIGURE 12. Computed Energy flux through the Hohlraum’s aperture, with (right) and without
(left) smoothing : ||F(z)|. The length unit is the millimeter. The electric field unit is arbitrary.

FIGURE 13. Computed Energy flux through the Hohlraum’s aperture, with (right) and without
(left) smoothing : ||F(z)||. The length unit is the micrometer. The electric field unit is arbitrary.
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